In the present work, a packed bed absorption column is designed to recover certain amounts of ethanol contained in a gaseous stream. Four packing types (50-mm metal Hiflow ® rings, 50-mm ceramic Pall ® rings, 50-mm metal Top Pak ® rings and 25-mm metal VSP ® rings) are considered in order to select the most appropriate one in terms of column dimensions, pressure drop and mass-transfer results. Several design parameters were determined including column diameter (D), packing height (Z), overall masstransfer coefficient (Km) and gas pressure drop (P/Z), as well as the overall number of gas-phase transfer units (NtOG), overall height of a gas-phase transfer unit (HtOG) and the effective surface area of packing (ah). The most adequate packing to use for this absorption system constitutes the 25-mm metal 
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INTRODUCTION
Gas-liquid operations are used extensively in chemical and petrochemical industries for transferring mass, heat and momentum between the phases. Among the most important gas-liquid systems employed nowadays is absorption, defined as a mass transfer operation at which one or more soluble components contained in a gas phase mixture are dissolved into a liquid solvent whose volatility is low under process conditions. The absorption process could be classified as physical or chemical. The physical absorption occurs when the target solute is dissolved into the solvent, while the chemical absorption takes place when the target solute reacts with the solvent. The removal efficiency of any physical absorption process will depend on the physical-chemical properties (density, viscosity, diffusivity, etc.) and feed flowrates of the gaseous and liquid streams; the type of mass-transfer contact surface (packing or plate); the operating temperature and pressure (commonly, lower temperatures will favor gas absorption by the liquid solvent); gas-liquid ratio; contact time between phases; and the solute concentration at the inlet gas stream. Gas-liquid absorption operations are usually accomplished in equipment named absorbers.
Absorbers are used to a great extent in industrial complexes and plants to separate and purify gaseous streams, to recover valuable products and chemicals, as well as for contamination control. The most common absorber types employed in industry are plate columns, packed towers, Venturi cleaning towers and spray chambers. Packed towers are widely used for gas-liquid absorption operations and, to a limited extent, for distillations (Perry and Chilton, 2008 (Finlayson, (2006) . Among the most developed and common computer applications used today is the MATLAB ® software (Math Works, 2009), since it provides numerical methods which permit to solve numerous mathematical, statistical, financial, trigonometric, etc. functions by using special application fields referred to as toolboxes (Karris, 2004) (Nakamura, 2002) . MATLAB ® software is considered a highlevel software package with many built-in functions, which is very easy to use, even for people without prior programming experience, and that make the learning of numerical and mathematical methods much easier and more interesting (Karris, 2004 (Kukurugya and Terpák, 2006) developed different approaches using MATLAB ® simulation tools, for modelling of equipment installed in the raw materials processing area both at coal and limestone mines, by means of balancing elementary processes running inside of the plant and equipment. On the other hand, (González et al., 2007) proposed to incorporate the analysis of the dynamic performance of processes into the design and engineering stage of projects, by the use of base-software tools such as MATLAB/Simulink ® package. These authors applied the simulation method obtained in MATLAB ® in a natural gas installation in a power plant, in order to study the transients of a natural gas supply line to a steam-electric power plant. The results of the model were validated with actual data on the boiler trip obtained from the distributed control system. Finally, (Asbjörnsson, 2013) demonstrate that three different application areas of crushing/screening plants are available for dynamic, steady-state simulation using MATLAB ® tools: plant performance, optimization and operator training, were each of these areas put different constraints on the modelling and simulation of these types of plants. Nexo Revista Científica / Vol. 29, No. 02, pp. 83-104 / Diciembre 2016 Figure 1 . Typical layout of a packed-bed absorber Source: (Benitez, 2009) At the present work, a packed bed absorber is designed to recover certain amounts of ethanol contained in a CO2-rich gaseous stream coming from fermentation operations. Four different packing types (Pall ® , Hiflow ® , Top Pak ® and VSP ® ) were evaluated in order to determine which packing configuration provides the lowest column dimensions (tower diameter and packing height) as well as the highest mass-transfer coefficient for this application, without exceeding the maximum allowable pressure drop and also without affecting the requested removal efficiency. The influence of both liquid solvent and gas mixture feed flowrates on 4 important process parameters (tower diameter, packing height, gas pressure drop and overall mass-transfer coefficient) was assessed for the four packing, while the effect of this two flowrates on two design parameters (overall number of gas-phase transfer units; NtOG and overall height of a gas-phase transfer unit, HtOG) was also determined. The design methodology was solved using computing software MATLAB ® version 7.8.0.347 (R2009a) (Math Works, 2009), and also Microsoft Excel ® spreadsheet.
MATERIALS AND METHODS

Problem description
A gaseous mixture containing CO2 and ethanol, with a molar composition of 92 % CO2 and 8 % of the alcohol, is evolved from a fermentation process. The ethanol must be recovered by means of a countercurrent absorption process using water as the solvent ( Figure 3 ). The gas mixture will enter the tower at a rate of 4000 m 3 /h, at 25 ºC (298 K) and 1.1 atm, while the solvent (water) will be supplied at a flowrate of 6500 kg/h and also at 298 K. The required recovery of ethanol will be 97.0 %, while the maximum pressure drop permitted for the gas stream should not exceed 250 Pa/m of packed height. It's desired to design a suited packed-bed absorber working at 70% of flooding and operating under isothermal conditions. For this application, four packing types will be evaluated ( Figure 2 Source: (Ludwig, 1997) According to (Ludwig, 1997) , the four packing types considered have the following performance and mass-transfer characteristics: (Treybal, 1980) . According to (Perry and Chilton, 2008 ) (Rogers, 2007) , the value of the Henry's constant for an ethanol-water system operating at 25 ºC is H = 0.272 atm. Thus, the distribution coefficient () for the gas-liquid system (ethanol-water system) at 25 ºC and 1.1 atm is  = H/P = 0.272/1.1 = 0.229.
Packing hydraulic and mass-transfer parameters
The most important hydraulic/mass transfer characteristics of the four packing types selected are described in the Table 2 (Billet, 1989) (Perry and Chilton, 2008).
Inlet data
The inlet data necessary to carry out the design calculations are showed in Table 3 : The molecular weight of the gas mixture (MG) was determined applying the equation (1):
where yCO2(1) = 1 -yeth(1). The gas mixture density (ρG) at 25 ºC was determined using the Kay's method (Perry and Chilton, 2008) , while the viscosity of the gas mixture (μG) was calculated using the following correlation (Pavlov, 1981) :
where μeth and μCO2 values are given in cP.
The amount of ethanol absorbed is;
The amount of solvent liquid exiting the column is:
The flow parameter (X), the pressure drop parameter under flooding conditions (Yflood) and the CS coefficient at flooding conditions (CSflood) were determined according to the equations (5) (6) and (7), respectively.
The gas velocity at flooding conditions (vGflood), the gas velocity (vG), and finally the tower diameter (D), were calculated by using the following correlations: Most packed-bed absorbers are designed to safely avoid flooding conditions and also to operate in the preloading region, with a gas-pressure drop limit of 200 -400 Pa/m of packed depth [4] . In this approach, both the gas dry pressure drop (ΔP0/Z) and overall pressure drop (ΔP/Z) were determined for the absorption process using well-accepted equations. The liquid holdup influence was also taken into account, that is, when the packed bed is irrigated, the liquid holdup causes an increment of the pressure drop (Benitez, 2009) (Perry and Chilton, 2008) . Prior to the determination of both pressure drops, it was necessary to determine several parameters first. Among those parameters are included the effective particle diameter (dP) [equation (11) 
The gas dry pressure drop per meter of packing height (ΔP0/Z) was determined according to the following correlation:
Then, the gas overall pressure drop per meter of packing height (ΔP/Z) can be finally calculated:
Diffusion coefficients
Gas-phase diffusion coefficient:
The theory describing diffusion processes in binary gas mixtures at low to moderate pressures has been studied extensively in recent years, and is well developed nowadays. Since the absorption process is a binary gas system taking place at low-pressure, the gasphase diffusion coefficient can be estimated using the Wilke and Lee correlation (Benitez, 2009 
where: 
Liquid-phase diffusion coefficient: Compared with the kinetic theory behind the gases behavior, which is well developed and available today, the theoretical basis of the internal structure of liquids and their transport characteristics are still insufficient to permit a rigorous treatment (Benitez, 2009 ) (Billet, 1989) . Usually, liquid diffusion coefficients are several orders of magnitude smaller than gas diffusivities, and depend mostly on concentration profiles due to changes in viscosity, as well as some changes in the degree of ideality of the solution. To determine the liquid-phase diffusion coefficient in binary systems for solutes transport to aqueous solutions, the Hayduk and Minhas correlation was used (Benitez, 2009 
Mass transfer coefficients
To determine the mass transfer coefficients for both phases, two correlations were used which were obtained from an extensive study made by Billet and Schultes (Billet, 1989) , that involved measurement and correlation of mass-transfer coefficients for 31 different binary and ternary systems, equipped with 67 different types and sizes of packings, in columns of diameter ranging from 6 cm to 1.4 m.
Gas-phase convective mass-transfer coefficient (kG):
where: CV -Mass transfer factor [see Table (1)] R -Ideal gas constant = 0.0821 m 3 .atm/kmol.K ε -Packing porosity or void fraction [see Table (1)] ScG -Schmidt number for gas phase
Liquid-phase convective mass-transfer coefficient (kL):
where: CL -Mass transfer factor [see Table (1)] a -Mass transfer surface area per unit volume [see Table ( In those systems handling dilute solutions and when Henry's law applies, is very usual and convenient to work with overall mass-transfer coefficients in order to calculate the packing height (Z), which can be determined by the following expression: Prior to determine the values of HTU and NTU, it will be necessary to calculate several parameters first, which are the inlet gas molar velocity [GMy(1)] [equation (38) ]; the outlet gas molar velocity [GMy (2) where: NG -Gas molar flowrate (38) where: (41) where: Nexo Revista Científica / Vol. 29, No. 02, pp. 83-104 / Diciembre 2016
Operating and equilibrium lines
The operating line will be elaborated using the following data:
 Mole fraction of ethanol in inlet gas mixture [yeth (1) While to elaborate the equilibrium line, the following expression will be used:
RESULTS AND DISCUSSION
The main physical parameters calculated for the gas mixture (that is, molecular weight, density and viscosity) are showed in Table 4 , while the calculated tower diameter (D) and overall gas pressure drop (ΔP/Z) values for each packing type, among other important design variables, are showed in Table 5 . Nexo Revista Científica / Vol. 29, No. 02, pp. 83-104 / Diciembre 2016 Table 6 shows the calculated values of the diffusion and convective mass-transfer coefficients for both fluids (gas and liquid), whereas the values obtained of packing height (Z) and other significant flow and mass-transfer parameters are listed in Table 7 , all of them for the four packing types selected. Finally, Table 8 presents a summary of the most important geometrical and mass-transfer parameters calculated for the four packing types. Figure 4 shows a graphical comparison between Z and D for each packing type; while the values obtained of gas pressure drop and overall mass-transfer coefficient for each packing are given in Figure 5 and Figure 6 , respectively.
The resulting values of tower diameter; gas pressure drop; overall mass-transfer coefficient and packing height for each packing as a function of gas mixture feed flowrate (QG) and liquid solvent feed flowrate (mL) are reported in Figure 7 and Figure 8 , respectively. The behavior of the variables NtOG and HtOG with respect to QG and mL are showed in Figure 9 and Figure 10 , respectively. Finally, both the operating and equilibrium lines are illustrated in Figure 11 . of QG and a reduction of mL will decrease the value of Km for the four packing types evaluated, according to the results showed in Figure 8 and Figure 9 . Regarding to the results showed in Figure 8 , an increment of the QG (maintaining constant the value of mL) will increase the value of D, P/Z and Z, while Km will decreases. On the other hand, an increment of the mL (keeping constant the value of QG) will increase the values of D and Km, while both P/Z and Z decrease for the four packing types. As for the results displayed in Figure 10 , an increment of QG will increase both the overall height of a gasphase transfer unit (HtOG) and the overall number of gas-phase transfer units (NtOG) for all the four packing types evaluated. In contrast, the Figure 11 showed the opposite pattern, that is, both the HtOG and NtOG decrease with an increment of the water feed flowrate. The results obtained in both figures mean that both the eight of the apparatus required to accomplish the requested separation and the number of theoretical stages required to carry out the same separation in a plate-type apparatus will increase if QG increases (mL constant), and will decrease if mL increases (QG constant). Analyzing and summarizing the results showed in Table 9 
CONCLUSIONS
